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Preface

In November 2003, the International Energy Agency (IEA) Implemgriigreement (IA¥or
Cooperation in the Researdbevelopmentand Deploymendf Wind EnergySystemgIEA

Wind) heldTopical Expert Meeting #4an the Integration of Wind and Hydropower Systems
This meeting convened a group of industry, academic, andrgoeet officials with expertise in
wind power, hydropower, and utility and transmission system planning and operation. Their
purpose was to discuss the potential for coordinated operation of wind and hydropower in
serving load, the benefits and detrimantdoing so, and to identify the related opportunities and
issues. As a result of this meeting and interactions with the IEA Hydropower IA, a
recommendation was made to IEA Wind to establish a formal research task to address the
myriad of questions and wBolved issues pertaining to the topic. Subsequent to this meeting, in
2004 IEA Wind established a research and development task to investigate the potential for
integrating wind and hydropower resources on the electrical grid. The research task, afso know
as an fAAnnNex ,-fourthwsach tagk bBseablishedeoy IEA/Wind, and was entitled:

ATask 24: |l ntegration of Wi nd and Hydropower
joined the task: Australia, Canada, Finland, Norway, Sweden, Switzeslachdhe United
States. Whemstablished, eesearch and developmeR&D)ta s k i s assigned an A

A g e n t ,anan@ging @rector). For Tagd, the National Renewable Energy Laboratory
(NREL) in the United States, on behalf of the U.S. DepartnfeBhergy, was selected as the
Operating Agent.

The primary purposes of Ta2é wereto conduct cooperative research concerning the
generation, transmission, and economics of integrating wind and hydropower systems, and to
provide a forum for informationxehangeThe former of these two purposes was addressed
through case study projects performed at participating institutions within each member country.
The latter purpose related to information exchange was accomplished via a series of
collaborative R&D metings, seven of which were hebdkickoff
meeting (February 2005 theUnited States one web meeting
(June 2006)and five R&D meetings (September 2005
Switzerland, September 2006Australia, May 2007n Italy,
September 200in Norway, and June2008 in Québec, Canada)

TheTask 24 Final Report summarizes and presents the results o
work conducted by the task participants, the important issues an
analysis methods identified, and the related conclusidrsreport
wasassembled in two volumethe first providing objectives,
background, summary resylend conclusions; and the second
describing he methods of study employed and details about the AP RAKION
participant case studiegpon which the conclusions of the task were

drawn
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Executive Summary

This report is the first of a tweolume set. It describes the background, concepts, issues
conclusons related to the feasibility of integrating wind and hydropower, as investigated by the
members of IEA Wind Task 24. It is the result of a fgear effort involving seven member
countries and thirteen participating organizations. The companion reptrtn®2, describes in
detail the study methodologies and participant case studies, and exists as a reference for this
report.

Worldwide, hydropower facilities possess a significant amount of installed electric generating
capacity. IEA statistics indicathadt at the end of 2001 there was in excess of 450,000 MW of
installed capacity within IEA member countries, with about half in Europe and half in North
America.In addition to conventional hydropowdéere ismore thar80,000 MW of installed
pumpedhydrocapacity in IEA countriedn contrast, utilityscale wind power is relatively new

in the electric markebutincreasing rapidly. In 2003, when the topic of Task 24 was initially
being discussed, there wast over 31,000 MV wind powerinstalled an anount that

increased tan excess of 40,000 MW by theendof 2009.Competitive costscoupled with the

fact thatwind is a clean energy resoureeakewind energy capacity likely to continue to grow
substantiallyover the next two decadddecause of thpotential for synergistic operation of

wind and hydropower facilities, many countries iangestigatingthe opportunity to integrate

wind and hydropower systems in order to optimize their output through coordinated operation.

The hope is to realize suckrefits as lowering the cost of ancillary services required by wind
energyby taking advantage of the built energy storagbydro facilities, the opportunity to
more effectively utilize existing hydro and transmission facilieglthe potential for

improving hydrologic operationas well as to develagn overall energy supply portfolio that is
more diverse, robust, and cleanfith wind power penetrations increasing worldwide, the
topics of Task 24 are more relevant than ever.

For the reasons desceith above, in 2004, IEA Wind formed research and development Task 24,
titled Al ntegration of TWipnmary purpasestofthisMaskparevioe r Sy
conduct cooperative research concerning the generation, transmission, and economics of

integrating wind and hydropower systems, and to provide a forum for information exchange. The
following are specific goals of Tasld:

Goal 1) Establish an international forum for exchange of knowledge, ideas, and experiences
related to the integration of wirathd hydropower technologies within electricity
supply systems.

Goal 2) As it pertains to wind and hydropower integration, share information among
participating members concerning grid integration, transmission issues, hydrological
and hydropower impacts,arkets and economics, and simplified modeling
techniques.

1t is worth noting here that the topics of the task were discussed and the objectives liooungld ¢onversations

with the IEA Hydropower IA, and formation of a joint task (i.e., sponsored by both IAs) was seriously considered.
Though a joint task did not materialize, the collaboration strengthened the work plan of the task and the robustness
of the analysis and conclusions.

Vi
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Goal 3) Through information sharing and exchange of ideas, identify technically and
economically feasible system configurations for integrating wind and hydropower,
including the effects of marketracture on winehydro system economics with the
intention of identifying the most effective market structures

Goal 4) Document case studies pertaining to wind and hydropower integration, and create an
ortline library of reports.

Task 24 member countriend participating organizations are listed able1l. Case studies that
analyze the feasibility, benefits, detriments, and costs of specifictwitich integration projects
were the mechanism through which the goals of thewas& addressed and the feasibility of
wind-hydro integration was investigated. The general nature of each type of case study is
described below.

Grid Integration Case Studies

System balancing is one of the primary functions performed by a transmissiem sysrator.
Ancillary servicess the term generally used to describegeerices or functionselated to the
operation of a balancing area within an interconnected electric power system necessary for
maintaining performance and reliabilifihese servies can be broadly categorized as

operational reserves or contingency reserves. Operational reserves are generally used to respond
to fast fluctuations in total system net load as well as the more gradual and more predictable
ramps in net loadngt loadis defined herein as the system load less wind power, or in other

words the net load that must be served by the remaining generation fleet). Contingency reserves
are generation resources, some-fasponding and synchronized, and somdioé that can be

brought online and synchronized relatively quickly (within-10 30-minutes, depending on the
system), used to cover unexpected losses in generation or transmission resources. Grid
integration studies are frequently aimed at determining the increase atiopal and

contingency reserves, and their related costs, caused by the variability of wind power and
uncertainty in its prediction.

The wide variety of hydropower installations, reservoirs, operating constraints, and hydrologic
conditions combined witthe diverse characteristics of the numerous electrical grids (balancing
areas) provide many possible combinations of wind, hydropower, balancing areas, and markets,
and thus many possible solutions to issues that arise. Hydro generators typically haueckery
startup and response times and may have flexibility in waglrase timing. Therefore, hydro
generators could be ideal for balancingreased ancillary service requirements dueital

energy fluctuations agven for novel system balancing protfusuch agnergy storage and
redelivery. Studying grid integration of wind energy, particularly on grids with hydropower
resources, will help system operators understand the potential for integrating wind and
hydropower resources.

Vii
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Table 1. Task 24 member countries, contracting parties, and participants

Country Contracting Party Participant
Australia Australia Wind Energy Association Hydro Tasmania
Canada Natural Resources Canada Natural Resources Canada

Manitoba Hydro
Hydro Québec

Finland TEKES National Technology Agency in VTT
Finland
Norway Norwegian Water Resources and Energy  |SINTEF Energy Research
Directorate Statkraft Energy
Sweden Swedish Energy Agency KTH Swedish Institute of Technology
Switzerland Swiss Federal Office of Energy EW Ursern
United States U.S. Department of Energy National Renewable Energy Laboratory

Grant County Public Utility District
Sacramento Municipal Utility District
Northern Arizona University

Six of the seven countries participatingliask24 have contributed at least one case study of this
nature, covering a wide variety of system configurations, with some representing small systems
(<1,000 MW peak load), such as Grant County Public Utility in Washington Staited 5tates

to large systes(>74,000 MW peak load) such &bordic systemThere is also wide variety of
hydropower facilities, with some being essentially-afisihe-river with little storage capacity (a

day or two), to very large hydro plants with muyléar storage capability.

Hydropower Impact Case Studies

Depending on the relative capacities of the wind and hydropower facilities, wind integration may
necessitate changes in the way hydropower facilities operate in order to provide balancing,
reservesor energy storage. Theskeanges may affect operation, maintenance, revenue, water
storage, and the ability of the hydro facility to meet its primary purposes. Beyond these potential
changes, integration with wind could potentially provide benefits to the hydro system related to
water storage or compliance with environmental regulations (e.g., fish passage) and create new
economic opportunities. Thus, the purpose of these case studies was to increase understanding of
the impacts and benefits of wind integration on other aspedtg bydropowersystem. Three of

the seven countries participating expect to contribute to these studies.

Market and Economic Case Studies

While grid integration and hydrologic impact studies may demonstrate the technical feasibility of
integrating wind ad hydropower systems, implementation will often depend on the economic
feasibility of a given project. Such economic feasibility will depend on the type of electricity
organization or market in which the wind and hydro projects are considered. Addressing
economic feasibility in the electricity market will provide insight into which market types are
practical for windhydro integration, as well as identify the key factors driving the economics.
This understanding may provide opportunities to devise new ketifascheduling and pricing

that are advantageous to wihgdro integration and permit better utilization of system resources.

These mar ket and economic case studies addr es

viii
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wind-hydro system economics with thregention of identifying the mosffective market

structures. Economic studies that consider the value of wind energy generation and hydropower
to the electricity customer are tbfe greatest interest. Because economic feasibility is germane to
integratirg wind and hydropower, six of the seven participating countries contributed to these
studies.

Results of the Task

Though specific winéhydro integration projects may differ substantially, there are many
characteristics common to each. Consequethirewas ample opportunity for each participant

of the task to | everage one anotherodéds case st
difficulties faced in analysis and interpretation of results, and debate methods and conclusions.

By the end of 200%six Task 24 participanieetings had been held, as displaye@able2. The

purpose of each of these meetings was sintdacollaborate on ideas and methods used in

studying wind and hydropower integration, and to communiaaterpret, and sometimes debate

the methods and results related to specific case studies.

As a part of this process, a common template for describing and interpreting participant case
studies was developed, in order to overcome some basic differerieanimology as well as to
place the study results in the context of the assumptions, the characteristics of the electrical
balancing area, the wind and hydropower generation, the load, and the other generation
resourcesThis common template is describeddetail in Volume 2 of this report.

Table 2. R&D meetings of Task 24, including date, location, and host

Meeting Location / Host Date
Kickoff Hoover Dam, NV, U.S. / NREL, USBR, APA February 227 23, 2005
R&D #1 Lucerne, Switzerland / EW Ursern September 30, 2005
R&D #2 Launceston, Tasmania, Australia / Hydro Tasmania September 257 26, 2006
R&D #3 Milan, Italy / EWEA May 7, 2007
R&D #4 Oslo, Norway / Statkraft September 197 20, 2007
R&D #5 Québec City, Québec, Canada / Hydro Québec June 5i 6, 2008

A summary of conclusions drawn related to each context of wind/hydro integration are provided
below.

Grid Integration Impacts and Costs

Wind power data from existing wind power plants can provide a good indication for the order of
magnitude and frequency of wind power output changigls whicha system operator or planner
must dealThe data suggests that there will be a relatively small impact at the regulation
(minuteto-minute) time scale, but becoming considerable at the hourly tate and beyond

(e.g., load following, unit commitment, reserve requirements), especially at high levels of wind
penetration. In addition to being variable, wind power is also uncertain, and though accurately
predictable much of the time, can suffer frarge forecast errors that may occur at inopportune
times during system operation. Wind power, while primarily an energy resource, does have a
capacity value that should be considered in system planning. What makes wind power different
to a system operatand planner as compared to other power resources is its variability and
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uncertainty, and learning how to understand and work with these characteristics. The overall
impact of the wind power variations, forecast errors, and their associated integration cost
combined with the cost of wind energy, its marginal value, and the positive benefits it brings to
the electrical system, depend upon a host of factors including the system load, the generation
fleet, operational and market flexibility, etc., and can dr@yaccurately estimated via a thorough
detailed simulation of the power system. Seven case studies of this task addressed wind
integration impacts and costs, the relevant conclusions of which are summarized below.

Finnish Case Study #This study shoedthat even with the limited flexibility of

hydropower (rurof-the-river with small reservoirs), a large part of wind power forecast

errors can be provided for by shifting hydropower back and forth iosidday. Tte study

also showdthat when correctinghe forecast errors of wind power at a large balancing

market in whichhydropowermproduces most of the balancing (like in Nordic countries), there

is no great benefftom combining/integrating wind power and hydropower at a single
producer. It is more cosffective to bid all flexibility of hydropower to the balancing market
and use it from there to correct the system imbalances than to use it for dedicated balancing
of wind power.

Finnish Case Study #Zhe study analyzed wind power energy penetratiod®%s, 20%,

and 30% in the Nordic system (74,00W peak load), with the intention of determining
whether or not there is enough regulation available from the hydropower to deal with
incremental increase in net power systariatiors and forecast erroidue to wind power

The study identified a practical system configuration of 60% of electricity from hydropower,
most of whichis reservoir hydropower, and 30% of electricity from wind povRersults
showedthat a large part of hydropower capacity shoulddgable of flexible operatioand

able to provide the additional regulation required due to the high penetration of wind power

Norwegian Case Study #This case studynalyzeda regional power system wien

assumed 420/W power transfer capacity. Withgard to integrating wind energy, the most
conservative approach allows for only 115 MW of wind power in the constrained network
with 420 MW of capacity, as this will not require any control actions even in the very
unlikely case of maximum wind and hydrergeration (115 MW + 380 MW) at the same
hour as the historically lowest consumption (75 MW). The results of the studggtieat

for the specific systemnder consideratiqrup to 600 MW of wind power is possible

without noticeable reduction in income fincenergy sales compared to an ideal-non
congested cadeby applying coordinated operation of the wind power and hydropower
plants.

Norwegian Case Stud@#This case study considetthe impact of wind power on system
adequacyandassessed using data framneatlife, regional,andhydro-based power system
Three cases were considerde installed wind power is 62 MW (Case B) and 1,062 MW
(Case A and Case C), which correspond to wind power penetiatiels 0f1.6% (Case B)

and 28.1% (Case A and Case M)e annual load is 21,0Z3Wh, which gives wind energy
penetration levels of 0.9% (Case B) and 15.2% (Case A and CaBeeGtudy concluded

that wind power will have a positive effect on system adequacy in a regional-bgdeal

power system. Wind poweontributes to reducing tHess of load probabilitand to

improving the energy balance. Adding®/h of wind or 3 TWh of gas generation are found
to contribute equally to the energy balance, both on a weekly and annual basis. Both wind
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and gas improvethie power balance. The capacity value of gas is found to be about 95% of
rated, and the capacity value of wind about 30% atviomd energy penetratigand about
14% at higher wind penetration.

o Swedish Case Study #Phe aim of the simulation in the secb8wedish case study was to
study the possibility of balancing wind power in northern Sweden bsicdigoppowerin
northern SwederT hesimulation includea total installed capacity of 795 M@f wind
power,and that outputwas scaled to 1,00@,00Q 8,00Q and 12,000 MWAII hydropower
stations larger than 10 MW in the studied axeee consideredi.e., 154 hydropowerplants
with a combined capacity of 13.2 QWvhich corresponds to about 80% of the installed
capacity of alhydropowerin SwedenThe conalision of the studyasthat the existing
hydropoweilin northern Sweden has sufficient installed capacity and is fast enough to
balance even large amounts of wind power. Moelel predictedpill to occur, butio an
overwhelming extensuchaspill can beavoided by using efficient toglespeciallyfor
season planning. Only in a few cademnd then in particular for a wind power expansion of
12,000 MWS will there be spill that depends on insufficient balancing capability in the
hydropower

e U.S. Case Studymthe Missouri RiverThe case study on the Missouri River analyzed wind
integration into the balancing area operated by¥estern Area Power Administration
(WAPA) and supplied by hydropower facilities located alongMiesouri River This study
consideed integrating five levels of wind powpenetration 08%, 3.7%, 9.3%, 18.6%, and
37%. Thehydropowercapacity is 2,400 MW from six hydro facilities containing multiple
years of water storagand the peak system load was 2,700 MWe statistical study
concluded thain the WAPA system, significant operational impacts from wind erdergy
those that must be dealt with in planning and operdtegulation, load following, system
ramping of net load) will likely arise when the wind penetration approaches 00
(about 18% of the peak system load).

e U.S. Case Stud8acramento Municipal Utility DistriciThis case study focused on
hydropower resources along the upper American River and operated by the Sacramento
Municipal Utility District. Hourly simulation cassewere completed for at least one full year
of data forfour proposedvind generation penetration levels: 102 MW, 250 MW, 450 MW,
and 850 MW. These correspond to the following wind penetration |Gaisputed by
dividing wind capacity by system peak load)7%, 6.7%, 12.1%, and 22.8%. The study
found lower penetrations of wind generation have only a small impact on fast regulation
requirements, but begin to dominate as the penetration incrééisessintegration costs were
computed to range from about 82$8MWh of wind energy producedhe results show a
very substantial reduction in operating cost and integration costsheithypotheticalowa
Hill pumpedstorage facilityoperating (as much as $5/MWIRurthermore, the results also
show that integr&in costs decrease with increasing diversity of wind generation assets.

Hydropower Impacts

Hydropower generators are inherently flexible, but in practice their flexibility depends on a host
of factors. The type and magnitude of ancillary services amdvesthat can be provided by a
hydropower plant depends on whether it possesses significant storage or if it-cf-#heiriver

plant with limited storage. The flexibility of operation also depends on whether or not the
hydropower is part of a cascaoiedams on a river system, and the level of coordination between

Xi
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those on the same river. Hydro facilities often have numerous funttjpmser generations

being oné that guide their operation and define their flexibility. Layered on top of the physical
andfunctional planning, there may be numerous organizations and stakeholders involved, along
with differing market or economic situations. It is the interaction of the many functions, system
configurations, and stakeholders that establish the authorityitypremd economics that govern

the potential for wind and hydro integration.

The overarching question for studyimgnd andhydropower integration is whether system
operating impactdue towind power can baccommodated blgydropowerwithin the
constrantscurrently in placen hydropowefor not easily changed), and in an economically
advantageous way. And if so, what changes will this cause to hydropower operations dncosts?
concept, hydropower should be able to provide shomediumterm bufferng ofthe enhanced
variability and uncertaintwind powerinduces in the overall load net windldding wind power

to the system may or may not help hydropower meet power and other system daméhrids
influence on other hydro functions, such as watévelges, must be considered. That said, even
within the constraints currently imposed on hydropower, it is a valuable system balancing
resource, and possesses the inherent qualities needed to facilitate wind integration. Five of the
case studies of TaskZaddressed hydropower impacts, the relevant conclusions of which are
summarized below.

e Australian Case Studies#land#3Hy dr o Tasmani ads system was
of peak load; a 96MW minimum load; 2,267 MW of hydropower, and 6B1W/480-MW
expat/import capability via a higivoltage direct current (HVDC) interconnect with the
Australian mainland. The studies found that a high level of wind power can be integrated into
the Tasmanian system, up to 1,300 MW, if the interconnect with the Austradiatand is
used and if measures are taken to address low system ifkg&iudyalso identifiel that
commitment of additional hydro generators operating in either synchronous condenser mode
or tail water depressiomode can largely improve the integoat of the wind generation in
Tasmaniaandmitigateproblems associated with low system inertia

e Australian Case Study #®Vith respect to reservoir storage,the case of islanded operation
of a Tasmanian power system, systoragds unable to effectiely absorb all output from
large-scale wind generation due to coincident of high winds and high inflows. There is an
increasing negative impact on storage wind generation capacity is increased.
Interconnecting to the Australian mainland, Via additon of the highcapacityHVDC
interconnection, significantly increaste ability tointegratewind generation in Tasmania
without a negative effect on the energy in storage.

e Swedish Case Study #The first Swedish case study analyzee possibility obalancing
wind power with hydropower plants located along one certain firer.amount of wind
power studieakxtrapolatedo a penetration in whole Swedemualto 6.5 7.5 TWh/yearpr
5% ofthetotal energy production per yedihe resuls from the simuktionsindicatethat
Swedish wind power installations that generate abb2u52TWh/year do not affect the
efficiency of the Swedish hydro system. At wind power levels of abliduT¥Vh/year it is
estimated thathe amount of installed wind powshouldbeincreasedy about 1% to
compensate for the decreased efficiency in the hydro system. At wind power levels of about
6.5 7.5 TWh/yearthe additional wind poweneededo compensate for loss of hydro
efficiencyis about 1.2%, but this figure has to be fied with more extended simulations.

Xii
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U.S. Case Stud@rant CountyPublic Utility District (PUD): This case study considered two

hydropower plantocated along the Columbia River and operated by the Grant County
Public Utility District No. 2 (Grant PUD The levels of wind penetration considered in were

12 MW (1.8%), 63.7 MW (7.8%pand 150 MW (18.6%)with each percentage computed as

a percentage of peak load (including sales of eneggyily results for the 2006 data year
suggest that the overall impamwt system statistics for regulation and load following is quite
modest, even at a wind energy penetration of 150 MW (~19% wind penetration by capacity).
The small statistical impact suggests that, absent other constraints, the physical generation
resourcs are sufficient to handle wind variability at this level. However, due to changes in
the distribution of load following hourly changes, there are some potentially significant
operational challenges in scheduling the resources without infringing upomsyste
constraintsTo address this, an hourly simulation was conducted usingluzgd wind

power forecasts, revealing that additional instances of dipping into contingency reserves
occur due to missed wind power forecasts, and that additional short dusatiosi@ens

below the minimum flow requirements (for fish survival) also occur. The increases, however,
areonly modesandmanycan likelybe handled during the day of operatihgughat some

cost.

Economics

The windintegration and hydreystemimpactstudieshavedemonstrate the technical

feasibility of integratng wind powerand hydopower, even in systems with either transmission
or hydropower constraints. Beyond the technical feasibility, two case studies investigated
whether or not integrating wihwaspracticalfrom aneconomigooint of view, or looked at the
effect of wind integration on the markd&hese two studies represent a valuable contribution to
the Task, and are a good start in addressing the overall question of economic feasibility.

Camadian Case Studyatural Resources Canada conducted a study for a small public utility
in the U.S. along the Columbia River that demonstrated tiag wsnd power to address

load growth is economically feasible. It was also shown that the hydropoweraeso

avaiable to the utility being studiedere satisfactory to supply leeost balancing resources.

In practice, due to underproduction of the wind power plant, it was founththatnd
powerwould not have been economically favorable without Renesabergy Production
Incentives.

Finnish Case Study #Zhe study analyzed wind power energy penetrations of 10%, 20%,
and 30% in the Nordic system (74,00W peak load)Because old power plants were not
retiredin the studythere were no problems withistem adequacyBalancing this amount of
wind power was shown to be feasible, but it was determinea thage penetration of wind
power in a hydradominated power system will lower the spot price of electricity
dramatically, which creates a challenggé&b new investments in the system. It is unclear
whether this kind of system could arise based on the markets evemifld be the most
costeffective way to serve load from a system perspective.
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As the breadth of the case studies indicate, integratind and hydropower can be quite
complex. A summary of some key observations and conclusions from the work and discussion
among the participants are provided below

e Figurel providesa conceptual view of a practical configurati@r combining wind and
hydropower in a balancing area. The key tal&y from this illustration is that wind and
hydropower are system resources that help serve the load via the transmission grid, and that
they are each controlled by the transmissiotesyoperator (TSO). Addressing the
incremental impacts of wind integration is done in the context of the entire system, with all
of its load and generation resources, and not in isolation from(iteepmotone wind power
plant balanced by one hydro ptaa produce a flat output).

e When addressing wind integration, one should consider the holistic impact of wind power on
the system (e.ga costbenefit analysis directed toward the electricity customettlameiffect
on transmission system reliabilitygnd not just the enhanced balancing requirements due to
wind power 6s vVvar i Robexdmplgwind powed willkenhaneea balancingt vy .
requirements and incur an fi n,thegveralttastoh 06 cos't
electricity to theconsumer may decrease due to wind energy displacing higher cost
generation resources.

e The setup and operation of the transmission system and balancing area authority will have a
profound impact on the ability to integrate wind power and the integratgia it@urred.
TSOs where the timing of transactions (committing units, buying and selling of electricity,
ancillary services, and reserves) is frequarg more capable of integrating wind power and
at lower costs.

e Transmission interconnections are impat as they can limit wind and hydropower
integration due to transmission constraints or congestion, or facilitate integration via power
exchanges with neighboring systemarger balancing areas can more easily integrate wind
and hydropower.

e Electricalsystems can function within a liberalized electricity market, via a vertically
integrated utility that participates with neighboring systems via bilateral transactions, or some
combination of the twd/ind integration costs and impacts tend to be reducetarket
systems, especially those with many market actors and flexible resources.

e The wind/hydro case study results were consistent with other wind integration studies in that
the presence of an efficient and liquid electricity market has a large pasflivence on the
economics, frequently dominating all other factors. Furthermore, an important factor in
interpreting the economic consequences of integrating wind and hydro is the perspective
taken by the study: for the overall benefit of the electrstamer vs. a single actor in the
market (e.g.a utility or wind developer).

¢ In conducting wind integration studies, the modeling assumptions and techniques can have a
significant influence on the results. &rafore, these should be wedbecified and undstood
when interpreting results and comparing different studies. Wind integration studies often
involve the use of production cost modeiat simulate hourly operation of the power
system. General production cost ratsthose not specifically developéar or by a
hydropowerdominant utility) need improvements in how they model hydropower operation,
water balances, and constraints, in order to better investigate the nuances of wind and hydro
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integration(e.g, the impact of enhanced system balancingireqents on hydro system
constraintsor the ability to model the constraint¥jrtually all production cost maals
require further improvement in how they handle wind power and wind power forecasts.

e At low wind penetration levels (~1%), wind integratiompacts and costs are mindhese
transition to more cost and complexity as penetration levels increase to B&@éad ~20%,
changes in system operational practices are likely necessary to optimally integrate wind and
hydropower (e.guse of advanced wil forecasting models incorporated into system
planning).Islanded or small power systems with weak interconnections may more readily
experience the effects of the enhanced variability in net load and increased reserve
requirements caused by wind integopatiincluding impacts on system inertia, and require
attention in system planning.

¢ Nonpower constraints on the hydropower system can influence the ability to integrate wind
and hydropowerSuch constraints may include higher priority functions of thedjatility
that dictate how water is run through the generators, such as irrigation water deliveries,
environmental regulation (e.g. fish passage), recreation, or flood coiitide these non
power constraints are important, they frequently occur ongoakes of system operation
different than those related to wind/hydro integratiorer€fore they do not tend to be
prohibitive and often may not significantly influence the wind and hydro integration,
although at times they do reduce hydro system fixibOf the Task 24 participants, these
constraints only played a significant role in hydro systems in the United States.

In summary, while hydropower systems possess special characteristics and operating constraints,
the inherent flexibility of their geerators and the potential for energy storage in their reservoirs
make them well suited to integrate wind into the power system. As wind penetration increases,
the agile hydro generation can address wind integration impacts and this service represents an
economic opportunity for many hydro generators.
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Figure 1. A practical configuration for wind and hydropower integration (Source: T. Acker
presentation, Task 24 R&D Meeting #5, Québec City, Québec, Canada, June 2008)
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